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d i s c u s s i o n  describes t h e  p r o c e d u r e s  used i n  c h a r a c t e r i z i n g  geometric 
@‘it 
- -  
error s o u r c e s  fo r  a spaceborne  imaging sys t em,  and u s e s  t h e  Landsat-D Thematic  
Mapper ground segment p r o c e s s i n g  a s  t h e  p r o t o t y p e .  It shou ld  be no ted  t h a t  
software has bee? tested v i a  s i m u l a t i o n  and is c u r r e n t l y  g o i n g  th rough  tests 
w i t h  t h e  o p e r a t i o n a l  hardware  a s  p a r t  of t h e  o p e r a t i o n a l  system e v a l t i a t i o n  
p r e l a u n c h ,  so t h a t  we ccln t h o r o u g h l y  c h a r a c t e r i z e  t h i s  system w i t h  r e s p e c t  t o  
its geomet r i c  per formance  b e f o r e  we l aunch  i t .  I n  a d d i t i o n ,  thcre is a sub- 
s t a n t i a l  e f f o r t ,  b o t h  on t h e  p a r t  of Genera l  Electric and NASA-Goddard i n  
p o s t l a u n c h  e v a l u a t i o n  of t h i s  d a t a .  With respect t o  g e o m e t r i c  per formance  and 
r a d i o m e t r i c  per formance  t h e  r e q u i r e m e n t s  for t h i s  systeffi a r e  b e i n g  t s k n  v e r y  
s e r i o u s l y .  
There a r e  two r e q u i r e m e n t s  fo r  Landsat-D Thematic  Mapper a s  dell  a pro- 
c e s s i n g ,  which r e l a t e  t o  t h e  g e o d e t i c  accu racy .  F i g u r e  1 d i s p l a y s  : ‘cess 
whereby we can  match back t o  a s t a n d a r d  map a s  weil as  p r o v i d e  t e a p a r  .; i s- 
t r a t i o n ,  and band-to-band. There a r e  some s i g n i f i c a n t  c a v e a t s  i n  these a r e a s  
which a r e  i m p o r t a n t  t o  t h e  u s e r s .  For one, Landsa t  is n o t  a mapping system, 
we d o n ’ t  view it t h a t  way. We a r e  p r o v i d i n g  a sys tem t h a t  w i l l  meet c e r t a i n  
geodetic r e c t i f i c a t i o n  r e q u i r e m e n t s  i f  we are  provided  maps t h a t  have  no 
errors i n  them. That  o b v i o u s l y  is pot t h e  c a s e .  Therefore, much of t h e  a t -  
t e n t i o n  it. Landsat-D has been  d i r e c t e d  towards t empora l  r e g i s t r a t i o n .  That  is 
we want t o  be  s u r e  t h a t  we are s e l f - c o n s i s t e n t ,  t h a t  o u r  images w i l l  o v e r l a y  
w i t h  n i g h  accu racy .  
The r e q u i r e m e n t s  f o r  g e o d e t i c  r e g i s t r a t i o n  is .5 p i x e l ,  a g a i n  w i t h  i t s  major  
c a v e a t ,  and there i s  a n o t h e r  c a v e a t  which h a s  t o  do  w i t h  a d e q u a t e  numbers of 
ground c o n t r o l  p o i n t s .  One other t h a t  s a y s  t h i s  i s  t o  be done w i t h o u t  cons id -  
e r a t i o n  of t o p o g r a p h i c a l  v a r i a t i o n s .  Thus,  t h i s  is  t h e  per formance  expected 
i f  you have  a f l a t  ea r th  f o r  t empora l  r e g i s t r a t i m  and t h e  gromd t r a c k  aqd 
a t t i t u d e  c o n t r o l  of t h e  s p a c e c r a f t  were exact ly  r e p e a t a b l e  pas t  t o  p a s t .  
There has  been v e r y  l i t t l e  conce rn  a b o u t  band-to-band a c c u r a c y  w i t h  t h e  m d l t i -  
s p e c t r a l  s c a n n e r ,  m o s t l y  because  due  t o  i ts d e s i g n  i t  h a s  e x c e e d i n g l y  good 
band-to-band accuracy .  Once you g e t  t h e  focal p l a n e  base p l a t e  p r o p e r l y  de- 
s i g n e d  a l o n g  w i t n  t h e  s c a n n i n g  mechanism, t h e r e  is v e r y  l i t t l e  o p p o r t u n i t y  for  
band-to-band m i s r e g i s t r a t i o n  w i t h  t h e  MSS. The Thematic  Mapper h a s  a much 
l a r g e r  sp read  t o  i t s  d e t e c t o r s  and much l a r g e r  time between v a r i o u s  bands  
b e i n g  imaged , so there is much more o p p o r t u n i t y  for  band-to-band r e g i s t r a t i o n  
errors. A s  Jack Engel h a s  p o i n t e d  o u t ,  t h e  c u r r e n t  i n s t r u m e n t  h a s  v e r y  good 
band-to-band accuracy .  There are f e a t u r e s  i n  t h e  ground p r o c e s s i n g  t h a t  w i l l  
s i g a i f i - m t l y  improve t h a t .  For t h e  Thematic  Mapper a f t e r  p r c c e s s i n g ,  it 
shou ld  be p o s s i b l e  t o  achieve someth ing  well down belo*. a 1 0 t h  of a p i x e l  
band-to-band accuracy .  
The s i n g l e  s c e n e  a c c u r a c y  r e q u i r e m e n t  c a n  be c h a r a c t e r i z e d  a s :  
c__ 
+Edi ted  oral  p r e s e n t a t i o n .  
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We a r e  e s s e n t i a l l y  dealing then w i t h  t h e  Gaussian-type e r r o r  performance, YO I 
can convert  one-to-one sigma by t h e  Gaussian transformation 90s t o  one sigma 
f o r  temporal r e g i s t r a t i o n .  Given we do our processing down t o  t h e  point where 
t h e  e r r o r s  a r e  uncorrelated from scene LO scene, we a r e  roughly ta lkinL about 
a fac tor  ar square root  of  t w o  f o r  a s i n g l e  scene. ThaL t r a n s l a t e s  t o  5.5 
microradian, a l i t t l e  more than an a r c  second, four meters t o t a l  e r r o r  budgst. 
A l l  e r r o r s  have t o  be s i g n i f i c a n t l y  c. * ? i l e r  khan t h a t .  A t  30 meters with aub- 
pixel  accuracy spec i f ied  t h i s  Kay we rloJe an extremsly challenging job. 
Figure 2 descr ibes  the  Landsat-D processing sys tem.  The c h a r a c t e r i s t i c s  o f  
the  Thematic Mapper and t h e  Spacecraft  and t h e  Tracking Data Relay S a t e l l i t e  
Systems on t h a t  spacecraf t  provide e s s e n t i a l l y  a l l  c o n s t r a l r t s  o f  spacecraf t  
design. Y '1 don ' t  have much f l e x i b i l i t y  i n  spacecraf t  design. We f i r s t  
looked a t  the Thematic Mapper a s  a big HSS and we a r e  going t o  process i t  a s  
an MSS. We s t a r t e d  down t h a t  path about th-ee years ago doing e r r o r  =inalysis 
and everv time we would examine i n  d e i a i l  some of  the  e r r o r s  we were horr i -  
f i ed .  It f i n a l l y  got  t o  t h e  point  were we were about 3 p ixe l s  temporal regis- 
t r a t i o n  and growing. A t  t h a t  point  i n  time, we went, t o  t h e  Landsst-D pro jec t  
and said something ha3 t o  be done, eLther the specs have t o  be changed or we 
have t o  redesign the processing sys t em,  from a system point of view.  That was 
t h e  f i r s t  t e s t  o f  t h a t  0.3 p ixe l ,  arid it would have been much eas i e r  a t  t h a t  
point i n  time t o  say 0.3 pixel  was ttot r e e l l y  required.  That requirement has ,  
however been maintained. \ h a t  I am going t o  descr ibe  now is an overview of 
the  changed design,  which e s s f n t i a l l y  we've been going through the  l a s t  t w o  
years. 
Ia our a t t e m p t  t o  meet the r e g i s t r a t i o n  goa ls ,  we had t o  g e t  involved i n  the 
w o r k i n g s  of t h e  Thematic Mapper. We had t o  get. i n  there  and real1.y understand 
how t h a t  worked and apply our processing d i r e c t l y  t o  the inner workings of  
t h a t  instrument. We could not hold the  p l a t f o w  steady t o  an a rc  second or a 
f r ac t ion  of  an a rc  second t o  achieve a 1-arc-second t o t a l  e r ro r  budget .  'Ihe 
so lu t ion  there  was t o  measure. We ins t a l l ed  a s m q l l  anguiar displacement 3- 
axis  package on the Themtic  Papper; i t  cannot be mounted any place e l s e  on 
the spacecraf t  because o f  s t r u c t u r a l  dynamic e f f e c t s .  I t ' s  one d r a w  back is 
t h a t  i t  is  e s s e n t i a l l y  a high-pass device,  and t h e  e l ec t ron ic s  we b u i l d  f o r  i t  
has a band of 2 Hz t o  125 Hz: i t  does not  capture  the low-frequency end. R a t  
skortcaning was a l l ev ia t ed  by  incorporating some of the hardware t h a t  was a l -  
ready on t h e  spacecraf t ,  namely t h e  a t t i t u d e  control  d r i v e r s  kc'ch have a 
bandwidth of somewhere j u s t  above 0 Hz t o  2 Hz nominally. An onboard computer 
performs funct ions of sampling t h e  gyros a s  p a r t  of i t s  a t t i t u d e  cont ro l  func- 
t i on ;  i t  est imates  the gyro d r i f t ,  g i v e s  u s  i n i t i a l  a t t i t u d e  es t imates ,  and i t  
i s  the wurce  of aE ephemeris i f  t k -  GPS syetec, is giving t h e  ep:iemeris t o  the 
O W ,  which ther~  sends  i t  down t o  u . ~ ,  and sometimes an u p l i n k  of ephemeris a l so  
comes t o  u s  for ground processing through the onboard computer. A formatter 
was added, which i s  e s s e n t i a l l y  a piece of  hardware t h a t  takes  sample3 of  the 
angular displacement sensor and sends  i t  down an a telemetry l i n k  ca l led  pay- 
load cor rec t ion  da ta .  That da t a  set  is a l l  the information ex terna l  t o  the 
Themat ic  Happer needed t o  perform memiltic Napper Processing, both r a d i o m e t r i c  
and georse t r ic  . 
mere are c e r t a i n  p i e c e s  o f  a d d i t i o n a l  d 3 t a  t h a t  a r e  v e r y  i m p o r t a n t .  We know 
t h a t  t h e  s c a n  mirror i s  n o t  p e r f e c t l y  repeatable i n  t h e  n e m a t i c  Mapper. ma t  
wad d e t e r m i n e d  a f t e r  e x t e n s i v e  t e s t i n g  by Hughes of t h e  Tkemat-ic Mapper s c a n  
mirror meirianism. I n  o r d e r  t o  c h a r a c t e r i z e  t h e  s c a n  airror it  was d e t e r m i n e d  
t h a t  more t h a n  f u s t  t h e  s t a r t i n g  and end l o c a t i o n s  were needed.  Ye needed an 
e v a l u a t i o n  poin t .  i r .  t h e  m i d d l e  o f  t h e  s c a n .  So t h e  d a t a  t h a t  is s e n t  down is 
t h e  s c a n  s t a r t  time. which a l l o w s  u s  t o  c o o r d i n a t e  t h e  s c a n  mirror p o s i t i o n s  
w i t h  a l l  ?.he o t h e r  .neasureme!it s y s t e m  on t h e  spacecraft, The s c a n  d i r e c t i o n  
f i r s t - h d  E seccnd-Pal f  s c a n n e r  e s s e n t i a l i y  te l ls  u s  how t h e  s c a n  p r o f i l e s  are 
b e h a v i n g  i n  time. In  t h e  ground p r o c e s s i n g ,  w e  extract t h e  s c a n  i n f o r m a t i o n  
o u t  of t h e  wide3and d a t a .  3ayload  c o r r e c t i o n  p r o c e s s i n g  is t h e  process t h a t  
t a k e s  t h e  scar! 3irror i n f o m a t i o n ,  a s  well as a l l  t h e  o t h e r  at t i tude snd 
e p h e m e r i s  related i n f o r m 3 t i o n .  and g e n e r a t e s  s y s t e m a t i c  c o r r e c t i c n  d a t a  which 
w i l l  e s z e n t i a l l y  r m c v e  a l l  t h e  high-fYequency i n t e r n a l  d i s t o r t i o n s  when a p  
p l i e d  t o  t h e  i n k g e r y .  A t  t h a t  p o i n t  o f  time w e  h a v e  n o t  c a p t u r e d  some s i g n i -  
f i c a n t  low-rkequency errors r e l a t i n g  t o  e p h e m e r i s  a l j g m e n t ,  time, errors, and 
low-frequency a t t i t u d e  errorq. Tnose are c a p t u r e d  by ground c o n t r o l  p o i n t s  
( F i g u r e  3 )  w e d  t o  a d j u s t  t h e  d z t a  and t o  d e r i v e  what  we c s l l  g e o d e t i c  correc- 
t i o n  da ta ,  which is a~ i d e n t i c a l  form. b u t  i a p - o v e d  v a l u e s  (see F i g u r e  4). 
I n  t h e  meant ime,  o f f - l i n e ,  t h e r e  is  a v e r y  h i g h  speed r e f o r m a t i n g  and radime- 
t r i c  correctis3 a p p l i e d  to  t h e  imagery  i n  para l le l  t o  getterate what w e  c a l l  
a r c h i v e  im2gery.  Archive  imagery  is a v a i l a b l e  as a p r o d u c t  f o r  t h e  RI: i t  
inc?c.des r e f o r m a t t e d  imagery w i t h  t h e  d a t a  appended to  it. The n e x t  s t e p  i n  
p r o c e s s i i i g  is t o  a c t u a l l y  p e r f o r m  t h e  r e s a m p l i n g  based o n  t h i s  p r o d u c t  for t h e  
TH; i t  i n c l u d e s  r e f o r m a t t e d  imagery  w i t n  t h e  da ta  appended t o  it. The n e x t  
s t e p  i n  p r o c e s s i n g  is  t o  a c t u a l l y  p e r f o r m  t h e  r e s a m p l i n g  based on t h i s  d a t a .  
We d:, t h e  mapping fran t:.? i n p u t  space to  t h e  map c o o r d i n a t e  c u t b o a r d  space. 
F i g u r e s  5 and 6 describe t h e  error b u d g e t .  I n  r e v i e w ,  s y s t m a t i c  c o r r e c t i o n  
d a t a  is d a t a  which does t h e  mapping fran i n p u t  s p a c e  t o  o u t p u t  s p a c e ,  b u t  con- 
trol p o i n t s  h a v e  n o t  b e e n  i n c l u d e d .  C o n t r o l  p o i n t s  remove some v e r y  l a rge  
errors, b u t  t h e y  a r e  low f r e q u e n c y .  Ephemer is  uses t h e  wcrst case, a 2-day 
prc,c!ict t o  which we had t o  design.  K i s  time is t h e  r e s u l t  of t h e  + 2 0  m i l l i -  
second c l o c k  or absolute  time. A t t i t u d e  control a s  .a10 e f f e c t i v e m e t e r s ,  1 
s i g m a ,  is  a n  a l i g n e n t  which is a rzther lerge nirnber.  T h i s  i s  e s s e n t i a l l y  a 
Cixed b i a s ,  and I kncv h e r e  t h a t  w i t h  minimal  atnour,ts o f  p r o c e s s i n g ,  t h a t  num- 
b e r  c a n  be reduced  v e r y  s u b s t a n t i a l l y  i n  ground p r o c e s s i n g  and i n d e e d  t h a t  
w i l l  3e done .  W l t  i m m e d i a t e l y  a f t e r  l a u n c h ,  we c o u l d  h w e  alignment errors 
tha t .  l a r g e .  So we a r e  t a l k i n g  a b o u t  r a t h e r  large u n c e r t a i n t y  h e r e ,  so t h e r e  
1s no hope of knocking  a l l  of t h e s e  dGUL t o  a n y t h i n g  less t h a n  t h a t  w i t h o u t  
u s i n g  gt*oun? c o n t r o l  p o i n t s .  Pie ground c o n t r o l  p o i n t  p r o c e s s i n g  is substan- 
t i a l l y  d i f f e r e n t  t h a n  p r e v i o u s  p r o c e s s i n g  fo r  ground c o n t r o l  p o i n t s  i n  i ts  
e s t i m a t i o n  t e c h n i q u e  i n  t h a t  i t  i s  a cmimon f i l t e r  smother- type p r o c e s s i n g .  
We h a v e  d e v e l o p e d  b o t h  n o i s e  m o d e l s  and d y n a n i c  models fol. 211 t h e s e  errors 
end t h e y  a r e  i n c l u d e d  i n  t h e  p r o c e s s i n g .  The a d v a n t a g e  c*f d o i n 8  t h a t  is t h a t  
w’ car. d e v e l o p  tiie p r o c e s s i n g  t e c h n i q u e  t h a t  is s i g n i f i c a n t l y  less s e n s i t i v e  
tl= c c n t r o l  F o i n t  d i s t r i S u t i o n .  One of t h e  major p r o b l e m s  t h a t  p l a g u e s  many o f  
t h e  c u r r e n t  p rocess ing  systems is t h a ’  f you h a v e  t o  h a v e  a n  e x t r e m e l y  good 
d i : . t r i b u t i o n  c.f c o n t r o l  p o i n t s ,  you  better n o t  h a v e  a n y  c o n t r o l  p o i n t s  t h a t  
379 
are i n  s e r i o u s  error because  i t  w i l l  s u b s t a n t i a l l y  a f f e c t  polynomial  fits. 
Y i t h  t h i s  t echn ique  we have a v e r y  g r a c e f u l  d e g r a d a t i o n  i n  performance a s  we 
change t h e  l o c a t i o n s  i n t o  non-optimal p o s i t i o n s  and we can  p ropaga te  th rough  
extended periods khat d o n ' t  have c o n t r o l  p o i n t s .  So i f  there is a g r o u p  of 
s c e n e s  t h a t  have a nuaber  of c o n t r o l  p i n t s  a t  t h e  top .  t h e n  t e n  s c e n e s  l a t e r  
a n w 3 e r  of c o n t r o l  p o i n t s ,  we are n o t  n e c e s s a r i l y  going t o  meet our a c c u r a c y  
r e q u i r e m e n t s  i n  between,  but  we can come v e r y  close to  it. a s  we c a n  v e r i f y  
performance b y  p ropaga t ing  these errors, v i a  t h e  dynamic models of t h e  f i l t e r  
smoother  e s t i s a t i o n  t echn ique .  
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